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Endocytosiswed by dengue virus to infect the mosquito cells C6/36 HT was analyzed. Using
DIL-labeled virions and real-time imaging itwas determined that viral entry into C6/36HT takes approximately
5 to 7min. Pretreatment of C6/36HTcellswith sucrose and baﬁlomycinA, but notﬁlipin, inhibited dengue virus
infection up to 80%. Furthermore, the overexpression of dominant-negative mutants of Eps15, a molecule
required for the formation of clathrin-coated vesicles, reduced dengue infection up to 50%, indicating that
dengue virus entry is through clathrin-mediated endocytosis and is pH-dependent. By double-immuno-
ﬂuorescence assays, DIL-labeled particles were colocalized with early endosomes at 5min andwith lysosomes
mainly at 30 min post-infection. Finally, disruption of the microtubule and microﬁlaments by nocodazole and
by cytochalasin D reduced viral infection by more than 80%. Taken together these results indicate that dengue
virions enter into C6/36 HT cells by clathrin-mediated endocytosis, using the endosomal pathway from early
endosomes to acidic lysosomes before viral RNA is released into the cytoplasm.
© 2008 Elsevier Inc. All rights reserved.Introduction
Dengue is the most important mosquito-borne viral disease in
tropical and subtropical areas of the world where one third of the
human population lives. Dengue virus infection can be manifested by
the self-limited febrile illness known as dengue fever (DF) or by the
most common complication the hemorrhagic fever (DHF) (Gubler,
2002; Guzman and Kouri, 2002). The four serotypes of dengue are
transmitted to humans by mosquitoes of Aedes genera. The 10.7 kb
RNA genome contains a single open reading frame that encodes for
three structural (envelope glycoprotein, E; membrane, M; and capsid,
C) and for seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B and NS5) (Lindenbach and Rice, 2003). The mature dengue
virion is formed by a nucleocapsid, composed of multiple copies of the
C protein in association with the viral genome, surrounded by a lipid
bilayer into which the M and E proteins are inserted. The E protein is
responsible for mediating the productive entry of dengue virus into
the target cell.
Viruses are different from other pathogens in that they are fully
dependent on cellular machineries for entry, replication and spread.
Then, the viral life cycle is intricately entwinedwith host cell biological
processes. In nature, dengue virus propagates in primates and mos-
quitoes and can be cultured in vitro in a wide variety of cells from
different origins. For this reason, it is possible that the host proteinsica y Patogénesis Molecular,
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5747 7107.
gel).
l rights reserved.and pathways activated during viral binding, entry, translation, re-
plication and spread are conserved in the different hosts.
The ﬁrst steps in the primary infection with dengue virus require
the interaction between the envelope glycoprotein (E) and cellular
receptors present on the surface of the host cell (Crill and Roehring,
2001; Modis et al., 2004). Considerable evidence suggests that the
initial attachment of the virion to the cells surface is mediated by
carbohydrates while subsequent steps are mediated by cellular pro-
teins. These interactions in turn trigger a chain of dynamic events that
make possible viral entry into the cell.
The fact that viruses of similar families can enter into the host cell via
completely different pathways or that virus from different families can
enter via similar pathways, can only be understood and predicted if
information is available from systematic and comprehensive studies on
the cell biology behind virus entry. Although it has been described that
dengue virus infects HeLa cells by receptor-mediated endocytosis and
requires vacuolar acidic pH (Krishnan et al., 2007), the mechanisms for
dengue virus entry into important target cells such as monocytes,
dendritic or hepatic cells remain unexplored. In this regard, it has been
described that viral entry into monocytic cells is highly susceptible to
methyl cyclodextrin treatment, suggesting that cholesterol and lipid
rafts play and important role in virus infection to these cells (Reyes-Del
Valle et al., 2005).On theotherhand, in themosquito cell lineC6/36HT it
has been described that dengue virus uses the clathrin-mediated
endocytosis pathway; however, since dengue infection was resistant to
colchicine treatment, the authors suggest that dengue virus infection
does not require transport from early to late endosomes (Acosta et al.,
2008). In contrast, for West Nile Virus (WNV), other member of the
Flaviviridae family, several studies have been achieved and describe
Fig. 1. Binding of DIL-labeled virions to C6/36 HT cells. Cells were either infected with
DIL-labeled virions at a MOI of 10 (panels C and D) or with DIL-labeled superna-
tants from uninfected cells included as a negative control (panels A and B). (A) and
(C) Fluorescent images obtained by confocal microscopy. (B) and (D) Cell images
obtained by DIC optics merged with ﬂuorescent image.
Fig. 2. Kinetics of DIL-labeled virions entry into C3/36 HT cells. Cells were incubated
with DIL-labeled virions at a MOI of 10 for 30 min at 4 °C, switched to 34 °C for 2 min
and immediately visualized by real-time video confocal microscopy for a 5 min period.
(A) and (B) Fluorescent images merged with DIC images of the initial and ﬁnal frame of
the movie, respectively. Note that in (B) the viral particles pointed with arrowheads
are almost completely inside the cells. For the full movie, see the supplemental material.
(C) Tracking analysis of the amount of ﬂuorescence emitted by single particles bound to
un-ﬁxed (red line) or ﬁxed C6/36 HT cells (green line).
194 C. Mosso et al. / Virology 378 (2008) 193–199thatWNV enters into themammalian andmosquito cells C6/36 through
clathrin-dependent endocytosis and viral particles colocalize with both
early and late endosomes (Chu and Ng 2004a,b; Chu et al., 2006).
In order to study the endocytic pathway followed by dengue virus
to infect the mosquito cell line C6/36 HT, the internalization of DIL-
labeled virus particles was studied by real-time imaging and the role
of different entry pathways and the cytoskeleton during viral entry
was analyzed by drug treatment, transfectionwith dominant-negative
mutants and confocal microscopy.
Results
Dengue virus labeling with DIL
DIL is a ﬂuorescent compound that can be incorporated into lipid
membranes. Since dengue virus is an enveloped virus, DIL was used to
label virions. The ability of DIL-labeled virions to infect cells was
evaluated by plaque assay in BHK cells. DIL-labeled virus preparations
showed a titer of approximately 1×106 PFU/ml, similar to the titers
obtained with unlabeled virus. To analyze virus binding to C6/36 HT
cells, the cells were incubated with DIL-labeled dengue virus at a MOI
of 10 at 4 °C for 30 min. Then, cells were washed twice with ice-cold
PBS, ﬁxed and the viruses bound to the cells were observed by
confocal microscopy. DIL-labeled viruses were clearly observed on the
surface of the infected cells (Figs. 1C and D). The observed size of the
particles is proportional to the ﬂuoresce brightness and do not
correspond to the actual physical size of the virion. Some of the viruses
seem to be present in groups while some others are observed as
individual particles on the surface of C6/36 HT cells. In contrast, no
ﬂuorescence was observed when C6/36 HT cells were incubated with
DIL-labeled fraction from uninfected cells (Figs. 1A and B), indicating
that the DIL-labeled particles from infected cells correspond to dengue
virus.
To analyze the kinetic followed by dengue virus to enter into the
C6/36 HT, the cells were grown on slides having a central well andincubated with DIL-labeled virus at a MOI of 10 for 30 min at 4 °C to
synchronize internalization, followed by an incubation for 2 min at
34 °C to initiate viral entry. Viral internalization was followed by real-
time confocal video microscopy for 5 min using time series. It is
interesting to notice that some dengue virus particles 2 min after the
incubation at 34 °C look as single particles while some others appear
to be grouped on the cell surface (Fig. 2A) and after 5 min they are
internalized in discrete zones of the cellular membrane (Fig. 2B).
Individual viral particles were almost completely inside the cell within
5min, suggesting that dengue virus internalization takes between 5 to
7 min (Figs. 2A and B). In addition, entry was evaluated by measuring
the reduction in the ﬂuorescence of selected viral particles present on
the cell surface by the confocal microscopy (Fig. 2C red line). This
reduction was not observed when ﬁxed C6/36 HT cells were incuba-
ted with DIL-dengue virus (Fig. 2C, green line), corroborating that the
reduction in the ﬂuorescence was due to an internalization process
and not to photo-bleaching. For a real-time movie of the DIL-labeled
virus particles entry into the cells, see the supplemental material.
Dengue virus uses clathrin-mediated endocytosis pathway to enter into
C6/36 HT cells
One of the pathways used by different viruses to enter into the
cells is clathrin-mediated endocytosis. To determine the endocytic
pathway used for dengue virus to infect C6/36 HT, cells were incubated
1 h before infection or 10 min and 1 h after infection with sucrose, a
compoundused to inhibit the endocytic pathwaymediated byclathrin.
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60% when added 1 h before and up to 80% when added 10 min after
infection. Not signiﬁcant inhibition was observed when sucrose was
added 1 h after infection (Fig. 3A), suggesting that dengue virus uses
clathrin-coated vesicles to be internalized into C6/36 HT cells. Since
dengue virus internalization occurs during the ﬁrst minutes after viral
attachment, treatment with sucrose 1 h post-infection did not alter
NS1 production.
To further conﬁrm the participation of the clathrin-mediated
endocytosis pathway in DEN infection, C6/36 HT cells were trans-
fected with the dominant-negative mutant of Eps15, a moleculerequired for clathrin-vesicle formation, called BRS. As a control, a
truncated form of the Eps15 protein lacking the localization domain
called BC, was used. The efﬁciency of transfection, gene expression
and distribution of the Eps15-GFP proteins was analyzed by confocal
microscopy. The dominant-negative mutant BRS shows a punctuated
distribution mainly close to the cell surface where the protein is
associated to new formed vesicles (Fig. 3B). In contrast, the control
protein BC was located into the cytoplasm of the cells (Fig. 3C). To
determine the role of Eps15 during dengue virus infection, trans-
fected cells were infected and levels of NS1 were determined after
24 h. The level of NS1 measured in cells transfected with plasmid BC
was considered 100% and the level of NS1 detected with the
dominant-negative mutant BRS was referred to the cells transfected
with BC. A consistent 50% reduction in viral infection was observed
with the cells transfected with the negative mutant BRS (Fig. 3D),
thus conﬁrming the notion that dengue virus entry occurs via
clathrin-mediated endocytosis.
If dengue virus uses clathrin-mediated endocytosis to enter into
C6/36 HT cells, it is reasonable to predict that agents that sequester
cholesterol such as ﬁlipin, will not be able to inﬂuence viral infection.
To conﬁrm this premise, C6/36 HT cells were treated with ﬁlipin 1 h
before or 10 min after infection. Infection was permitted for 24 h and
the amount of NS1 was determined. As expected, similar levels of NS1
were observed in ﬁlipin treated cells compared to the untreated and
infected cells (Fig. 3E), supporting the idea that dengue virions do not
use caveola to enter into C6/36 HT cells.
Dengue virus uses early endosomes and lysosomes to enter into C6/36 HT
cells
Since our results and others (Acosta et al., 2008) indicate that
dengue virus uses clathrin-mediated endocytosis, our next stepwas to
analyze the endocytic pathway followedbydengue virions in C6/36HT
cells. Making use of DIL-labeled and unlabeled virus, colocalization
assays were performed using antibodies against the speciﬁc marker of
early endosomes (early endosomal antigen 1, EEA1) and a marker of
lysosomes (Lyso Tracker™). Dengue virus colocalized with FITC-
labeled early endosomes (white spots) mainly at 5 min after infection
(Fig. 4A) and with lysosomes at 15 to 30 min after infection (Figs. 4B
and C respectively), although colocalization with lysosomes was more
evident at 30 min post-infection.
Acidic pH is required for dengue virus infection in C6/36 HT cells
It has been extensively described that acidic pH induces con-
formational changes in dengue virus E protein which allows fusion
between viral and endosomal membranes during viral entry (Allison
et al., 2001; Modis et al., 2004; Randolph and Stollar, 1990; StiasnyFig. 3. Effect of different compounds or dominant-negative mutants of Eps15, in dengue
virus infection of C6/36 HT cells. (A) Infected cells were treated with sucrose (300 mM)
at the indicated times and the amount of NS1 in the supernatant determined at 24 hpi.
Non-treated infected and uninfected cells were included as controls. Fluorescent
images of cells transfected with Eps15 dominant-negative mutant BRS (B) or with a
truncated version of the protein BC included as negative control (C), tagged with GFP.
Note the punctuated patterns of ﬂuorescence in (B) versus the diffused ﬂuorescence in
(C). Nuclei stained with DAPI are shown in blue. (D) Transfected cells were infectedwith
dengue virus and the amount of NS1 in the supernatant was determined at 24 hpi.
Uninfected cells treated with Lipofectamine™ were included as controls. (E) Infected
cells were treated with ﬁlipin (1 μg/ml) at the indicated times and the amount of NS1 in
the supernatant determined at 24 hpi. Non-treated infected and uninfected cells were
included as controls. In panels (A), (D) and (E) the average data from 3 independent
experiments is presented, with standard deviations shown by error bars. Results are
expressed as percentages of the OD (A450) obtained in the positive control experiment
(grey bar). The decrease in NS1 production was statistically signiﬁcant compared to the
control condition (⁎ pb0.05).
Fig. 4. Colocalization of dengue virus particles with endocytic markers. (A) Merged image of C6/36 HT cells infected with DIL-labeled particles, ﬁxed and stained for the early-
endosome antigen 1(EEA-1). (B) and (C) Merged image of C6/36 HT cells stained with Lyso Tracker™, infected with non-labeled particles, ﬁxed and stained for virion detection with
anti-E Mabs as primary antibody and anti-mouse IgG-FITC as secondary antibody. In all cases, cells were infectedwith aMOI of 10 for 30min at 4 °C, switched to 34 °C and ﬁxed at the
indicated times. Virus particles which colocalized with organelles are shown in white.
196 C. Mosso et al. / Virology 378 (2008) 193–199et al., 2002; Stiasny and Heinz, 2006). Our results suggest that during
dengue virus internalization, the virion passes through early and late
endosomes and lysosomes, thus, it is expected that the low pH present
in these organelles facilitates the conformational changes in the E
protein required for viral internalization. To conﬁrm the importance of
acid pH in dengue virus infection into C6/36 HT cells, the cells were
treated with baﬁlomycin A1, a speciﬁc vacuolar pump inhibitor (Yo-
shimori et al., 1991), 1 h before infection or 10 min after infection.
Infectionwas permitted by 24 h and the presence of NS1 was detected
in the supernatant of infected cells. Fig. 5 shows that baﬁlomycin A1
induced a signiﬁcant inhibition (up to 80%) in dengue virus infection
conﬁrming that passage of the virus through an acidic compart-
ment is required for viral infectivity. Two logs reduction in virus yield
(expressed as PFU/ml) was detected in the cells treated with baﬁ-
lomycin A1 10 min after infection, conﬁrming our observations with
the quantiﬁcation of NS1 protein (data not shown).
Microﬁlaments and microtubules are required for dengue virus infection
Since dengue virus colocalizes with early endosomes and lyso-
somes, the participation of cytoskeleton can be inferred. To evaluate
the importance of microﬁlaments and microtubules during dengue
virus infection, C6/36 HT cells were treated with cytochalasin D
and nocodazole respectively. Infection was permitted by 24 h and
the presence of NS1 was detected in the supernatant of infected
cells. Treatment of cells before or after infection with cytochalasin DFig. 5. Effect of treatment with baﬁlomycin A1 on the productive infection of dengue
virus of C6/36 HTcells. Infected cells were treatedwith the drug (30 μM) at the indicated
times and the amount of NS1 in the supernatant was determined at 24 hpi. Non-treated
infected and uninfected cells were included as controls. The average data from 3
independent experiments is presented, with standard deviations shown by error bars.
Results are expressed as percentages of the OD (A450) obtained in the positive control
experiment (grey bar). The decrease in NS1 production in drug treated cells was
statistically signiﬁcant compared to the control condition (⁎ pb0.05).(Fig. 6A) as well as with nocodazole (Fig. 6B) signiﬁcantly inhibited
dengue virus infection (more than 80%). These results strongly suggest
that dengue virus requires an active cytoskeleton during early events
of infection. However, as observed with sucrose and baﬁlomycin A1,
the inhibition observedwith cytochalasin D and nocodazole wasmore
prominent, when the drug was added 10 min after infection than 1 h
before infection, suggesting that the cells have the capacity to wash
the drugs if added early before infection.Fig. 6. Effect of treatment with cytoskeleton disrupting drugs on the productive
infection of dengue virus in C6/36 HT cells. (A) and (B) Infected cells were treated with
the cytochalasin D (2.5 μg/ml) or nocodazole (40 μM), respectively, at the indicated
times and the amount of NS1 in the supernatant determined at 24 hpi. Non-treated
infected and uninfected cells were included as controls. The average data from 3
independent experiments is presented, with standard deviations shown by error bars.
Results are expressed as percentages of the OD (A450) obtained in the positive control
experiment (grey bar). The decrease in NS1 production in drug treated cells was
statistically signiﬁcant compared to the control condition (⁎ pb0.05).
Fig. 7. Effect of dengue virus infection on the microﬁlament arrangement of C6/36 HT
cells. Cells uninfected (A) or infected (B) with dengue virus at a MOI of 10 for 30 min
at 4 °C, were switched to 34 °C for 10 min, ﬁxed and stained for microﬁlament visua-
lization with phalloidin coupled to Alexa-647. Note the presence of focal adhesion
structures in panel B.
197C. Mosso et al. / Virology 378 (2008) 193–199Dengue virus entry induces rearrangement in the actin cytoskeleton
similar to focal adhesions
It has been suggested that the initial interaction between a virus
with its host cell receptor initiates a chain of dynamic events that
permit virus internalization. Since actin cytoskeleton is necessary for
dengue virus infection and we determine that viral internalization
occurs in discrete sections of the cell surfacewithin the ﬁrst 5 to 7min,
microﬁlament arrangements were followed by labeling with phalloi-
din-Alexa 647 and observed by confocal microscopy during the ﬁrst
minutes after infection. Obvious differences in cytoskeleton arrange-
ment between uninfected and dengue virus infected cells were
observed 10 min after infection when accumulation of polymerized
actin resembling focal adhesion structures was detected in speciﬁc
portion of the cells (Fig. 7).
Discussion
Because of viruses' simplicity they depend on assistance from the
host cells in virtually all the stages of the replicative cycle. The goal of
an RNA virus such as dengue is to deliver its genome and accessory
proteins into the cytosol where the genome can be translated and
replicated. The viruses travel from the cell surface to the cytosol by
penetration reactions that move it closer to its site of replication. This
journey, which initiated with the interaction between dengue virus
and the host cell receptor, in the mosquito cell line C6/36 HT, was
analyzed in the present study. Using the ability of the ﬂuorescent
colorant DIL to intercalate in lipid membranes, we generate DIL-
labeled dengue viruses, which were ﬁrst used to analyze viral binding
and internalization kinetics in C6/36 HT cells. Viral particles could be
observedmainly alone or in small groups on the surface of ﬁxed C6/36
HT cells. This observation has also been described for other viruses
analyzed by a similar technique (Le Blanc et al., 2005; var der Schaar
et al., 2007). Interestingly, when dengue virus binds to C6/36 HTat 4 °C
and later cells were shifted to 37 °C, some of the single viral particles
were grouped. These groups show a similar distribution than the actin
structures, observed 10 min after dengue virus infection. Although it
is stimulating to suggest that actin ﬁlaments favor lateral movement
of viral particles to a region on the cellular membrane where viral
internalization occurs, further studies are required to conﬁrm this
hypothesis. Local actin polymerization has been described in other
viral infections in different cell types (Brodsky et al., 2001; Durrbach
et al., 1996; Pelkmans et al., 2002). On the other hand, it was exciting
to observe that viral particles disappear from the surface of the cells
within the ﬁrst 5 to 7 min, suggesting that dengue virus enter into
early endosomes in up to 7 min. This suggestion was conﬁrm by the
colocalization of DIL-labeled dengue virus with vesicles, which con-
tain early-endosome antigen 1 (EEA1) mainly at 5 min post-infection.West Nile virus, a member of the Flaviviridae family has also been
observed within early endosomes at 5 min post-infection (Chu and Ng
2004a,b: Chu et al., 2006). It is possible that the interaction between
dengue virus and the uncharacterized cell receptor complex present
on the mosquito cell surface (Salas-Benito and Del Angel, 1997; Salas-
Benito et al., 2007) may activate cellular signal transduction path-
ways that induce viral penetration. In this context, internalization of
dengue virus to C6/36 HT cells is inhibited by sucrose and Eps15
dominant-negative mutant but not by ﬁlipin indicating that it occurs
by clathrin-mediated endocytosis. Our results conﬁrm the results
recently described by Acosta et al. (2008) who using drug treatments
and dominant-negative mutants concluded that dengue virus entry
into C6/36 HT takes place via receptor-mediated, clathrin-dependent
endocytosis. This mechanism is also employed by other members
of the Flaviviridae family such as West Nile virus to infect C6/36,
Vero and HeLa cells, by Japanese encephalitis virus to infect Vero cells,
by bovine diarrhoea virus to infect fetal bovine kidney cells, by
Hepatitis C virus to infect PLC/PRF/5 and Huh-7 cells and by dengue
virus to infect HeLa cells (Blanchard et al., 2006; Chu and Ng, 2004a,b;
Chu et al., 2006; Grummer et al., 2004; Krishnan et al., 2007; Nawa
et al., 2003). Clathrin-mediated endocytosis is the most common
pathway for virus entry (Pelkmans and Helenius, 2003; Pelkmans,
2005). This mechanism is advantageous for viral entry because viral
particle can bind anywhere on the cell surface and rely on the
endocytic process to ferry it to the replication site. This penetration
process decreases the risk for immunodetection because no viral
proteins remain exposed on the plasma membrane and in the
endocytic organelles viral particles are exposed to low pH, required
for viral membrane fusion induced by E protein. In this regard,
colocalization of dengue virus particles with low pH vesicles such
as lysosomes was observed using Lyso Tracker at 15 but mainly at
30 min post-infection, suggesting that dengue virus follows the
endocytic pathway from early to late endosomes and lysosomes. This
pathway has also been described for other members of the Flaviviri-
dae family such as West Nile, bovine diarrhoea and hepatitis C viru-
ses (Chu and Ng, 2004a,b; Chu et al., 2006; Grummer et al., 2004;
Blanchard et al., 2006). The use of this pathway correlates with the fact
that nocodazole, a potent disruptor of microtubules, inhibited dengue
virus infection. In contrast to our ﬁndings, Acosta et al. (2008)
described that dengue virus infection was not inhibited by colchicine,
an inhibitor of microtubules polymerization. Although colchicine and
nocodazole inhibit tubulin polymerization by a similar mechanism,
it is possible that intrinsic differences between C6/36 HT cells could
be responsible for the different effect in dengue virus infection
observed by us and Acosta et al. (2008). However, the participation
of the microtubules during dengue entry into C6/36 HT cells, and the
susceptibility to nocodazole of dengue virus infection, is supported
by the observed colocalization of dengue virus within lysosomes at
15 and 30 min after infection. Furthermore, dengue virus infection
was inhibited by nocodazole in BS-C-1 cells (var del Schaar et al.,
2007).
Finally, the presence of structures similar to focal adhesions in C6/
36 HT cells, 10 min post-infection, suggests that virus–ligand inter-
action may induce the autophosphorylation of Focal Adhesion Kinase
(FAK) which is responsible for the outside-in signaling process to
mediate endocytosis of the ligand–virus complex into the cells. The
phosphorylation of FAK and the kinetics of focal adhesion formation
are currently studied in our laboratory.
Material and methods
Reagents and antibodies
Anti-dengue virus type 2 antibodies were purchased from
Chemicon; anti-early-endosome antigen 1 (EEA1) from BD Pharmin-
gen; anti-GFP antibody from Santa Cruz Biotechnology; goat anti-
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DIL (1,1′-dioctadecyl-3,3,3,′3′ tetramethylindocarbocyanine perchlo-
rate) from Molecular Probes; DAPI (4′6-diamidino-2-phenylindole),
phalloidin coupled to Alexa-647, Lipofectamine™ 2000 and sucrose
from Invitrogen; baﬁlomycin A1, cytochalasin D, nocodazole and
ﬁlipin from Sigma.
Cells
C6/36 HT cells (from Aedes albopictus and adapted to grow at
34 °C), kindly provided by Dr. Goro Kuno (CDC, Puerto Rico), were
grown at 34 °C in MEM (GIBCO), supplemented with 7% of fetal calf
serum, nonessential aminoacids, vitamins, 0.370 g/l sodium bicarbo-
nate, 50 U/ml of penicillin and 50 μg/ml of streptomycin.
Viruses
Dengue virus serotype 2, strain 16681, generously provided by Dr.
Richard Kinney (CDC, Fort Collins, CO) was propagated in suckling
mice brain as previously described (Gould and Clegg, 1991). Dengue
virus 2 was also propagated in C6/36 HT cells. Brieﬂy, C6/36 HT cells
grown in 175mm2 ﬂask at a conﬂuence of approximately 85% at 34 °C,
were infected at a multiplicity of infection (MOI) of 1 for 2 h at 34 °C.
Later, fresh medium was added and the infection was permitted by
5 days at 34 °C. Finally, cells were lysed by freeze and thaw, and lysates
were centrifugated at 6000 rpm to eliminate debris. The supernatant
was ﬁltered through a 0.22 μm ﬁlter, aliquoted and stored at −70 °C
until use.
Dengue virus titration
Dengue virus titers were determined by plaque assay in conﬂuent
monolayers of BHK-21 cells grown in 24-well plates. BHK-21 cells
were inoculated with ten-fold serial dilutions from mice brain
homogenates when monolayers reached 80 to 90% conﬂuence. After
4 h of viral adsorption, the monolayers were overlaid with 1 ml of
MEM containing 3% carboximethil-cellulose (Sigma), 0.5% fetal calf
serum and 2mM L-glutamine. The cultures were incubated at 37 °C for
six days and then counted for plaque formation after ﬁxationwith 10%
formalin and staining 0.5% naphtol-blue-black (Sigma).
Immunoﬂuorescence assays
For real-time visualization of viral particles entry, C6/36 HT cells
were grown at approximately 60% conﬂuence on glass microscope
slides having a central well and inoculated with DIL-labeled dengue
virions at a MOI of 10 for 30 min at 4 °C to synchronize viral entry.
After washing the cells 3 times with ice-cold PBS to remove unbound
viruses, fresh media was added and cells shifted to 34 °C and im-
mediately visualized directly under a Leica LSM-SPC-5 Mo inverted
confocal microscope ﬁtted with HCXPLapo lambda blue 63X 1.4 oil
immersion lens. Time series were captured from 0 to 5 min after
shifting the cells to 37 °C. Images were captured and processed using
the LAS AF software confocal (Leica).
For immunoﬂuorescence assays, C6/36 HT cells grown at 60%
conﬂuence on coverglasses were infected with DIL-labeled or non-
labeled dengue virus at a MOI of 10 for 30 min at 4 °C to synchronize
viral entry. Unbound virus was removed by washing 3 times in ice-
cold PBS, fresh warm media added and cells shifted to 37 °C for
different times from 0 to 30 min to allow virus penetration. At ap-
propriate times post-infection, cells were ﬁxed with 4% paraformal-
dehyde for 60 min at room temperature, permeabilized with 5%
saponine for 20 min (when DIL-labeled virus was used) or ice-cold
acetone for 3 min and treated with blocking solution (1X PBS, 10% FCS,
3% BSA and 10 mM glycine) for 60 min at 37 °C. Direct visualization of
DIL-labeled particles bound to the cell surface was done on cells ﬁxedat 0 min post-infection. For early-endosome colocalization cells were
ﬁxed at 5 min post-infection and DIL-labeled virions and anti-EEA1 as
primary antibody were used. For lysosome colocalization, C6/36 HT
cells were incubated with Lyso Tracker™ Red for 20 min at 34 °C
previous to inoculationwith non-labeled virus for 60min at 4 °C. Non-
labeled viruses were used for these experiments because DIL and Lyso
Tracker™ Red emit at similar wave lengths. Cells were ﬁxed between
15 and 30 min post-infection and virus particles were visualized with
anti-dengue virus 2 protein E as primary antibodies. Goat anti-mouse
IgG-FITC was used as secondary antibody in all cases. All antibodies
were diluted in dilution buffer (1X PBS, 3% FCS, 1% BSA and 10 mM
glycine) and incubations were carried out for 60 min at 37 °C. For
microﬁlaments visualization, cells were ﬁxed at 10 min after shifted
to 34 °C, permeabilized with acetone and stained with phalloidin
coupled to Alexa 647.
Virus entry assay and drug treatments
To explore the infectious entry route of dengue virus 2 into C6/36
HT cells, the effect of several drugs (listed below) known to disrupt
different cellular processes was evaluated. C6/36 HT cells grown in
12-well plates were either pretreated with the appropriate drug for
1 h at 34 °C before infection or the drug was added 10 min post-
infection and left for 1 h. Cells were infected at a MOI of 10 in a ﬁnal
volume of 0.5 ml for 60 min at 34 °C. After inoculation, cells were
washed twice with PBS to remove unbound virus and once with acid
glycine (pH 2.8) to inactivate viruses that failed to enter. After 2
additional washes with PBS,1.0 ml of mediumwas added to eachwell
and cells incubated at 34 °C for 24 h. At this time, the media were
collected and tested for the presence of NS1 protein. Uninfected and
virus infected, non-drug treated cells, were run in parallel as negative
and positive controls respectively. The amount of NS1 measured in
treated cells was expressed as a percentage of the amount present in
infected untreated cells. Three independent experiments by dupli-
cate were carried out for each set of drugs used. Differences in NS1
levels between drug treated and non-treated cells were tested for
signiﬁcance by the Student's t test.
The drugs used in the present study were: sucrose (300 mM), an
inhibitor of receptor-mediated endocytosis; ﬁlipin (1 μg/ml), an inhi-
bitor of caveola-dependent endocytosis; baﬁlomycin A1 (30 μM), an
inhibitor of the vacuolar-ATPase; cytochalasin D (2.5 μg/ml), an inhi-
bitor of the endocytotic trafﬁcking pathwayandnocodazole (40 μM) an
inhibitor of tubulin polymerization. The cytotoxicity of the drugs at the
concentrations used was assessed in parallel experiments by staining
cell cultures with trypan blue.
Transient transfection of mutants of Eps15 into cells
Plasmid constructs of Eps15 (GFP-EΔ95/295-dominant-negative
and GFP-D3Δ2) were kindly provided by A. Benmerah et al. (1999)
from the Pasteur Institute, France. Transfection of Eps15 plasmid
constructs into C6/36 HT cells was performed essentially as
described by Chu and Ng (2004a,b) using Lipofectamine™ 2000. In
brief, C6/36 HT cells were grown in 24-well tissue culture plate until
60%–70% conﬂuence. Then, 3 μg portions of the respective
constructs were complexed with 4 μl of Lipofectamine™ 2000
reagent in 30 μl of OPTI-MEM medium (Gibco) for 15 min at room
temperature. This mixture was then added to 25 μl of OPTI-MEM
containing 2 μl of Lipofectamine™ 2000, and incubated for another
15 min, and then DNA–liposome complexes were added to the cells.
After incubation for 8 h at 34 °C, 1 ml of complete growth medium
was added and incubated for another 24 h before virus entry assay
was carried out.
To check transfection efﬁciency, cells were ﬁxed with 4% pa-
raformaldehyde for 60 min at room temperature, the nuclei were
stained with DAPI and the samples analyzed by confocal microscopy.
199C. Mosso et al. / Virology 378 (2008) 193–199Measurement of NS1 protein concentration in cell supernatants
The level of replication of dengue virus in insect cells was
monitored by measuring the concentration of NS1 protein in super-
natants from infected cells using the commercial immunoassay
Platelia™ Dengue NS1 Ag (BioRad). It has been demonstrated that
supernatant levels of NS1 protein correlate with infectious titers
(Young et al., 2000; Alcon et al., 2002; Ludert et al., 2008). The
Platelia™ Dengue NS1 Ag is a one step sandwich format microplate
enzyme immunoassay for the qualitative or semi-quantitative detec-
tion of dengue NS1 antigen in human sera or plasma. The assay was
carried out following the procedure indicated by the manufacturer. In
brief, 10 μl aliquots of supernatant media were incubated directly and
simultaneously with the conjugate for 90 min at 37 °C within the
microplate wells sensitized with monoclonal antibody anti-NS1. After
six washes, the presence of immune complexes was detected by a
color development reaction using 3, 3′, 5, 5′ tetramethylbenzydine as
a substrate. The color development reaction was stopped after 30 min
incubation at room temperature by the addition of an acidic solution.
Finally, the optical density (OD) was determined at 450 nm using an
automatic ELISA plate reader (Multiskan EX, Labsystems). Negative,
positive and cut-off control reagents provided with the kit were run
each time for validation of the assay.
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